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ABSTRACT
Future X-ray instrumentation is expected to allow us to significantly improve the constraints derived from
the Fe K lines in AGN, such as the black-hole angular momentum (spin) and the inclination angle of the
putative accretion disk. We consider the possibility that measurements of the persistent, time-averaged Fe K
line emission from the disk could be supplemented by the observation of a localized flare, or “hotspot”, orbiting
close to the black hole. Although observationally challenging, such measurements would recover some of the
information loss that is inherent to the radially-integrated line profiles. We present calculations for this scenario
to assess the extent to which, in principle, black-hole spin may be measured. We quantify the feasibility of this
approach using realistic assumptions about likely measurement uncertainties.
Subject headings: black hole physics - galaxies: active - line: profiles - X-ray: galaxies
1. INTRODUCTION
Black holes are often described as having “no hair" as
there are only three characteristic quantities that define them:
mass, charge3, and angular momentum. Evaluating the black-
hole metric (“Kerr" metric, or when charge is non-zero,
“Kerr-Newman" metric) amounts to accurate measurement of
these quantities. Ultimately these parameters will be criti-
cal for testing general relativity. The masses of black holes
are measurable and there are continual advances in mass-
measurement methods (e.g. Peterson & Benz 2008, and ref-
erences therein). As yet, however, a method for measur-
ing black-hole charge has not been discovered. The electric
charge is usually assumed to be zero since astronomical black
holes are embedded in plasma, so the process of selective
charge accretion gradually diminishes the charge to insignif-
icant levels. It is therefore essential to determine the angu-
lar momentum (spin) of a black hole in order to constrain its
metric. In addition, the spin of the supermassive black hole
found in an AGN is an important diagnostic of the system. For
example, black-hole spin is thought to power relativistic jets
seen in some AGN sources (see Blandford & Znajek 1977).
Furthermore, the growth history of supermassive black holes
may involve spin evolution, ultimately affecting the present
distribution of spins (e.g. King et al. 2008).
Accretion from a disk is thought to change the spin of a
black hole until an equilibrium value is established. The spin
can be expressed in the dimensionless geometrical units a/M
(where M is the mass of the black hole), which has an ab-
solute value between 0 (non-spinning, Schwarzschild black
1 Department of Physics and Astronomy, Johns Hopkins University, Bal-
timore, MD 21218.
2 Astrophysics Science Division, NASA/Goddard Space Flight Center,
Greenbelt, MD 20771.
3 This may include magnetic charge in addition to electric charge.
hole) and 1 (extreme Kerr black hole). It is suggested that the
upper limit on spin due to accretion is a/M ∼ 0.9982 (Thorne
1974), although this value has been challenged (e.g. Gam-
mie et al. 2004; Beckwith et al. 2008). The influence of a
rotating gravitational field on light is specific to general rel-
ativity. It is not reproduced in Newtonian theory (e.g. Islam
1985). The spin of a black hole determines the horizon radius
(RH) and the radius of the marginally stable orbit (RMS), oth-
erwise known as the innermost stable circular orbit (ISCO),
two quantities that are predicted by general relativity. Fig. 1
shows the dependence of RH and RMS (as functions of grav-
itational radius, RG ≡ GM/c2; see e.g. Misner et al. 1973)
on spin. The ISCO of a non-spinning black hole is located at
6RG from the center, but this radius shrinks to 1.227 RG (1.0
RG) for a black hole with a/M = 0.9982 (1.0).
FIG. 1.— Distance (in gravitational radii) from the black hole to the horizon
radius (RH; solid) and to the marginally stable orbit (RMS; dashed), versus
spin. See Misner et al. (1973).
2Since we are unable to image the vicinity of the supermas-
sive black hole in AGNs, the spectrum of the X-ray emission,
which originates from the innermost regions of the system,
is one of the best probes that we currently have of the strong-
gravity regime of these systems. The Fe K emission line in the
X-ray spectrum is also often used as a tool to probe the phys-
ical parameters of an AGN system. Narrow Fe K lines that
are not relativistically shifted in energy, which are ubiquitous
in AGN observations (see Yaqoob & Padmanabhan 2004), are
most likely reprocessed emission from circumnuclear matter
far from the central black hole and/or from the outer regions of
the accretion disk. On the other hand, broad Fe K lines, which
are detected less often, are most likely the product of emission
that originates in the inner accretion disk (e.g. Nandra et al.
2007). This emission, which is subject to gravitational and
relativistic Doppler shifting in energy, is therefore believed
to uncover important information on the innermost regions of
AGNs, including the spin of the black hole (e.g. see Brenne-
man & Reynolds 2006; Miller 2007, and references therein).
Similar techniques have been applied to stellar-mass black
holes in X-ray binary systems (e.g. Miller et al. 2008; Reis et
al. 2009; Miller et al. 2009, & references therein). In addi-
tion to the relativistic Fe K emission-line, X-ray binaries (and
in principle AGN as well) offer the possibility of constrain-
ing black-hole spin from spectral-fitting of the accretion-disk
continuum, which is influenced by relativistic effects in the
strong gravity regime (e.g. see Shafee et al. 2006; McClin-
tock et al. 2006; Miller et al. 2009, & references therein). It
has also been suggested that black-hole spin measurements in
Galactic X-ray binary systems may be possible through tim-
ing measurements of the high-frequency quasi-periodic oscil-
lations (QPOs; e.g. McClintock & Remillard 2006).
In the present paper we describe a method to constrain
black-hole spin that involves measurements of Fe K lines re-
sulting from localized, accretion-disk flares, or “hotspots” that
orbit the black hole. The method relies on the measurement
of the energies of narrow spectral features, and not line in-
tensities. Some of the physical information that is lost in the
radially-integrated Fe K emission-line profiles is recovered,
since the spatial scale that is probed by the hotspots is much
smaller. In §2 we give a detailed description of how Fe K line
hotspots may be used to constrain black-hole spin and inves-
tigate the impact of likely observational uncertainties on the
proposed method. The results of the investigation of the tech-
nique are described in §3. Our conclusions are summarized in
§4.
2. MEASURING BLACK-HOLE SPIN FROM LOCALIZED HOTSPOTS
It is theorized that X-ray flares can result from magnetic re-
connection events that illuminate localized portions of the ac-
cretion disk, where the emission is reprocessed (e.g. Galeev et
al. 1979; Czerny et al. 2004, and references therein). These
compact “hotspots" temporarily enhance the continuum and
Fe K line emission from the localized region of the accretion
disk. The enhanced Fe K line emission contains supplemen-
tary information to that of the persistent, radially-integrated
emission that is more often observed and measured. In the-
ory, such hotspots may co-rotate with the accretion disk. The
orbital time-scale depends on the mass and spin of the central
black hole and the distance from the black hole to the orbit-
ing spot (e.g. Bardeen et al. 1972; Goosmann et al. 2006). In
Fig. 2 we show calculations of the orbital time versus distance
from the innermost stable circular orbit for a black hole with
a mass of 107M⊙ for five different values of a/M between 0
and 1. The orbital time can simply be scaled linearly for other
masses. In the limit of large R, the curves converge to the sim-
ple Newtonian relation, torbit ∼ 100piR1.5(M/107M⊙) s, where
R is in units of RG.
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FIG. 2.— Orbital time versus distance from the innermost stable circular
orbit, in units of gravitational radii, for a black hole with a mass of 107M⊙.
The orbital time can simply be scaled linearly for other masses. Curves are
shown (top to bottom) for a/M = 0, 0.3, 0.7, 0.9, and 1.
A number of AGNs show observational evidence of emis-
sion from localized hotspots that originates in the inner re-
gions of the accretion disk (e.g. Iwasawa et al. 1999; Turner
et al. 2002; Guainazzi 2003; Iwasawa et al. 2004; Turner
et al. 2006; Murphy et al. 2007). For example, during a
flare seen in the ASCA data for MCG -6-30-15, the centroid
of the Fe K line emission was observed to redshift from 6.4
keV to below 6 keV, implying that the profile was dominated
by localized emission close to the black hole (Iwasawa et al.
1999). Similar behavior was found from the RXTE data of
NGC 2992 (see Murphy et al. 2007). Theoretically, with long
observations yielding high-resolution, high-throughput spec-
tral data we will be able to detect full (possibly multiple) or-
bits of accretion-disk hotspots, depending on the black-hole
mass. In fact, Iwasawa et al. (2004) claim to have already
observed four full, consecutive orbits of a hotspot around the
black hole in NGC 3516 with XMM-Newton.
2.1. Method for Constraining Black-Hole Spin
We develop the method that was suggested in Yaqoob
(2001) for using the Fe K line resulting from a hotspot to con-
strain black-hole spin. Properties of the Fe K line emission
from hotspots have been discussed extensively in the litera-
ture (e.g. Nayakshin & Kazanas 2001; Goosmann et al. 2007;
Dovcˇiak et al. 2008, and references therein). Here we formal-
ize an approach to specifically use such emission to measure
black-hole spin. We emphasize that this work cannot yet be
applied to current data since the available X-ray instrumenta-
tion does not have the required energy resolution and effective
area.
In the remainder of this section we describe theoretical re-
sults pertaining to the Fe K line that make use of tables of
transfer function4 calculations that have been created for the
4 The usage of the term “transfer function” in the present paper (see
Dovcˇiak et al. 2004 for a detailed description) does not include the time
domain and should not be confused with the usage of the term in Yaqoob
(2001) which does refer to the time domain.
3non-axisymmetric kyr1line model (Dovcˇiak et al. 2004).
This model is included in a suite known as the “KY models"
(Dovcˇiak et al. 2004) that are available for analyzing rela-
tivistic X-ray line profiles from black-hole accretion disks in
the Kerr metric. The routine kyr1line in particular models
the instantaneous Fe K line profile function from the accretion
disk for a given distance from the spin-dependent horizon ra-
dius (Rd = R−RH ), inclination angle of the disk with respect
to the observer (θobs), and azimuthal angle (φ) on the disk. We
remind the reader that the model which we use here does not
assume an axially-symmetric accretion disk. Instead, local-
ized spots can be tracked on the surface of the disk, taking all
light-bending and time-delay effects into account.
Assuming that a hotspot completes at least one full or-
bit, tracing out an annulus around the disk, the resulting
(temporally-integrated) Fe K line emission will have a char-
acteristic “double-horned" profile, with peaks corresponding
to the extreme redshifts and blueshifts (due to Doppler and
extreme gravitational effects) of the hotspot emission relative
to the rest energy of the line. The more localized the hotspot
is (that is, the narrower the annulus is), the sharper the two
peaks of the profile will be.
In Fig. 3 we show an example of a theoretical Fe line profile
function, which was produced with the kyr1line model.
The emission in this example is calculated at a single radius of
R = 6RG from the black hole for a disk with an inclination an-
gle of θobs = 60◦. We define the inclination angle with respect
to the axis of the accretion disk, where θobs = 0◦ corresponds
to a face-on observing angle and θobs = 90◦ corresponds to an
edge-on observing angle. An inclination angle of 60◦ corre-
sponds to the average of a distribution of randomly oriented
disks. For inclination angles greater than 60◦, disk-reflection
features begin to diminish rapidly as the inclination angle in-
creases (e.g. see George & Fabian 1991), and in AGN, heavy
line-of-sight obscuration may become problematic for incli-
nation angles greater than 60◦. The horizontal axis in Fig. 3
is given in units of the energy-shift factor, g ≡ Eobs/E0, where
Eobs is the observed energy at infinity and E0 is the rest energy
of the Fe K line from the emitting material. We refer to the g
values of the red and blue extrema, for a given angular distri-
bution of photon emission, as g
−
and g+, respectively. Fig. 3
shows g
−
and g+ for isotropic emission in the disk frame, in
which case g
−
and g+ correspond to the two peaks of the pro-
file.
Given an angular distribution of photon emission from the
orbiting hotspot co-rotating in the disk frame, the values of g
−
and g+ for the Fe K line profile of an orbiting hotspot depend
only on the radial distance from the center of the black hole
to the hotspot (R), the inclination angle of the accretion disk
(θobs), and the black hole spin (a/M). In the present work we
use transfer functions that assume isotropic emission in the
disk frame. We therefore refer to g
−
and g+ synonymously
with the g values of the peaks of the line profile. However,
the code allows one to specify a more complicated profile of
limb-darkening or limb-brightening (see Dovcˇiak et al. 2004).
For the moment we neglect the effects of the finite size of
the hotspot and calculate the best possible constraints before
gradually introducing practical uncertainties.
It may be possible to obtain robust measurements of
θobs independently by modeling the time-averaged, radially-
integrated Fe K line profile (that is, the emission across the
entire accretion disk). The inclination angle is mainly affected
by the blue-wing cut-off of the Fe K line profile, and is not
sensitive to the other disk parameters or black-hole spin. This
g+
g
−
FIG. 3.— Example of an Fe K line profile function from the kyr1line
model for θobs = 60◦ and a/M = 0, at a single radius of R =RMS ≡ 6RG from
the black hole. The x-axis is shown in units of energy-shift factor (g). In
these units, the redshifted and blueshifted extrema may be defined as g
−
and
g+, respectively.
is because the maximum blueshift is due to the Doppler-shift
maximum corresponding to emission from a particular radius
of the disk. Emission from inside this particular radius is grav-
itationally redshifted away from the blue-wing cut-off, and
outside this radius the Doppler blueshift decreases for a given
θobs because of the lower Keplerian velocities at larger radii.
If the outer radius of emission is larger than the radius that
produces the largest blueshift (as, from observation, generally
appears to be the case), the blue wing is then mostly affected
by θobs. Changes in the inner disk radius or in the steepness of
the radial emissivity function mainly affect the red wing and
not the blue cut-off because the entire Doppler profiles from
the inner radii are gravitationally redshifted. Thus, if θobs can
be measured in this way, measurements of g
−
and g+ from a
hotspot emission-line profile should then give constraints on
the distance to the hotspot (R) and the black-hole spin (a/M)
since they are associated with two equations for two unknown
quantities. This, of course, assumes that we know the ioniza-
tion state of Fe, since g depends on the rest-frame energy of
the emission line. We address this uncertainty in §2.2.
Values of g
−
and g+, for discrete values of R, θobs, and a/M,
may be extracted from each of the line-profile functions that
are stored in the kyr1line model tables. Once these values
of g
−
and g+ have been compiled, they can then be interpolated
(in each of the three variable directions) to construct curves
of a/M versus R for a given inclination angle and any chosen
constant value of g
−
and g+. Thus, one can construct a/M
versus R contours for any measured pair of g
−
and g+ values
when θobs is already known. For a general (non-isotropic)
angular distribution of emission, when the peaks of the line
profile do not occur at g
−
and g+, the observed g values of
the profile peaks may be calculated and related to a/M and R
instead of g
−
and g+.
In Fig. 4, we illustrate how this information can poten-
tially determine constraints on a/M and R from a temporally-
integrated Fe K line profile from a complete orbit of a lo-
calized accretion-disk hotspot. In this example, we assume
that θobs has been independently measured to be 60◦ (from the
persistent Fe K emission, which has been radially-integrated
across the entire emitting region of the accretion disk). We
will deal with the effect of measurement uncertainties in θobs
in §2.2. Further suppose, for this example, that we measure
red and blue peak energies from the emission of an orbiting
4hotspot to be g
−
= 0.22 and g+ = 1.04. Given these three vari-
ables (in practice, obtained from the data), we are then able
to construct a/M versus R curves for the measured g
−
and g+
values. The units of distance to the hotspot are shown in Fig. 4
as distance from the horizon radius (Rd), as they are given in
the transfer-function tables. The solution for the black-hole
spin and the distance to the hotspot is found at the intersection
of the g
−
and g+ curves. Therefore, for the example shown
in Fig. 4, the distance to the hotspot (from the horizon) is
∼ 1.3 RG and the spin is maximal (a/M ∼ 1). We overlay the
boundary corresponding to RMS on Fig. 4 (dashed line). The
region above this line contains pairs of values (a/M, Rd) that
pertain to hotspot orbits only at radii larger than RMS (see §3).
For such hotspots with Rd < 4RG, the RMS boundary itself of-
fers constraints on black-hole spin. These constraints improve
(in the sense of imposing a tighter range in a/M) as the orbital
radius of the hotspot decreases.
FIG. 4.— Curves of a/M versus distance to the hotspot from RH, the horizon
radius, (Rd) for g− = 0.22 (left-hand, solid curve) and g+ = 1.04 (right-hand,
solid curve), with θobs = 60◦ . The dashed line represents the RMS boundary.
The solutions for the spin of the black hole and the distance to the hotspot are
found at the intersection of the g
−
and g+ curves. Solutions that lie above the
RMS boundary curve correspond to orbits outside the ISCO (R > RMS).
2.2. Hotspot Fe K Line Measurement Uncertainties
The example shown in Fig. 4 assumes the ideal case of a
full orbit of a point-like hotspot, and does not include mea-
surement uncertainties. When applied to real data, there are
observational uncertainties that we must consider. With fu-
ture high-resolution, high-throughput instruments, the largest
uncertainty in the determination of g
−
and g+ (after the finite
size of the hotspot) will be due to the unknown ionization state
of Fe in the line emitting region. Note that the local ioniza-
tion state in the vicinity of the hotspot may not necessarily be
the same as the ionization state of the entire accretion disk.
The rest energy of Fe K line emission must be some value be-
tween 6.404 keV (Fe I; see Bambynek 1972) and 6.966 keV
(Fe XXVI; see Pike et al. 1996). This corresponds to an un-
certainty of ±4.2 % in the measurement of g for the average
rest-energy value in this range. We note, however, that the true
error on g due to an incorrectly assumed value of the ioniza-
tion state of Fe could be as large as twice this value. Shown in
Fig. 5 are the same g
−
and g+ curves as in Fig. 4, overlaid with
curves corresponding to this ±4.2% uncertainty. Given this
uncertainty, the constraints on the black-hole spin and the dis-
tance to the hotspot for the measured θobs, g−, and g+ are found
in the overlap region of the two contours, shown in Fig. 5.
FIG. 5.— Curves of a/M versus distance to the hotspot from the horizon
radius (Rd). The dotted curves are the same as those in Fig. 4. These curves
are overlaid with ±4.2% error boundaries for g
−
(left-hand contour) and g+
(right-hand contour), corresponding to the uncertainty in the ionization state
of Fe.
To our knowledge, no method has yet been proposed for
constraining the ionization state of Fe for a localized region
of the accretion disk. If, in the future, it becomes possible to
independently measure this ionization state (e.g. by using the
Fe Kβ line in tandem with the Fe Kα line), then the largest un-
certainty in actually measuring g
−
and g+ will be due to the ab-
solute energy scale of the instrument. For future instruments,
this could be as small as 1 eV, corresponding to an error of less
than 0.02%, and we could therefore obtain much narrower g
−
and g+ contours. A separate source of error arises from uncer-
tainties in the measurement of the disk inclination angle ob-
tained from the radially-integrated disk emission line. It can
be expected that future instruments will yield θobs measure-
ments with uncertainties better than ±1◦. Some current data
already yield θobs uncertainties of this order (e.g. Brenneman
& Reynolds 2006). Fig. 6, for example, shows the a/M ver-
sus R−RH curves for g+ = 0.5, for 29◦,30◦, and 31◦. We note
that the error in θobs produces a much less significant effect
in the g
−
and g+ curves than that of the ionization uncertainty.
However, the finite size of a hotspot will effectively give a fi-
nite width to the g
−
and g+ curves. If there is significant line
emission away from the center of the hotspot, the effect on the
width of the g
−
and g+ curves could be worse than that corre-
sponding to the ionization uncertainty. The unknown angular
distribution of photon emission from the hotspot could also
yield greater uncertainty than that from the ionization state of
Fe. For example, if the emission from the hotspot is highly
anisotropic, the peak values measured from the data could
correspond to values of g other than the g
−
and g+ values cor-
responding to the case of isotropic emission.
3. CONSTRAINING BLACK-HOLE SPIN
It remains unclear whether the emission from within the
ISCO contributes significantly to Fe K line emission from the
accretion disk. Strictly speaking, a point-like hotspot could
spiral past the ISCO, executing another orbit or more. In this
case, radiation from the hotspot from within the ISCO could
potentially contribute to the Fe K line profile, even if it is
only a restricted transition region (e.g. see Reynolds & Fabian
2008). However, for a spirally-infalling hotspot the g
−
and/or
g+ peaks become distorted and broadened (e.g. see Hartnoll &
Blackman, 2002; Fukumura & Tsuruta, 2004). In such cases,
in practice, one would simply reject the data and search for
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FIG. 6.— Uncertainty boundaries for ±4.2% for (a) g
−
= 0.519 and (b) g+ = 0.892, for θobs = 29◦(dotted), 30◦(solid), and 31◦(dotted). The effect of the
±4.2% uncertainty in the rest energy of the Fe K line due to the unknown ionization state is much greater than the ±1◦ uncertainty in θobs measurements.
another hotspot that had a cleaner signature. Thus, if we have
a hotspot producing clearly-defined g
−
and/or g+ peaks, the
RMS boundary gives a rough constraint on a/M and Rd for
hotspots orbiting close to the black hole (Rd ≡ R− RH ≤ 4). In
fact, this constraint is better than any constraint we could de-
rive from the method described above, given the ±4.2% error
from the uncertainty in the ionization state of Fe, as is clear
in the example in Fig. 5. We have also pointed out that ad-
ditional uncertainties could result from the finite size of the
hotspot and from the departure from isotropic emission in the
disk frame. Furthermore, in the small Rd regime, measure-
ment of just one peak (g
−
or g+) will yield such constraints
from the RMS boundary alone. Naturally, if the hotspot is or-
biting at R > 6RG (corresponding to Rd > 4RG for a/M = 0
and Rd > 5RG for a/M = 1), the RMS boundary does not con-
strain spin.
In Fig. 7 we show examples of a/M versus Rd curves for
possible measured values of g+ (dotted), as well as curves
for possible corresponding values of g
−
(solid) for each g+.
Overlaid on each of these plots, where applicable, is the curve
marking the boundary of RMS (dashed line), as discussed in
§2.1. In Fig. 7a, the dotted curve corresponds to a mea-
surement of g+ = 0.802, for θobs = 30◦; this is overlaid with
(solid) curves corresponding to g
−
values ranging from 0.426
to 0.446, with ∆g
−
=0.004 (i.e. from left to right, g
−
has val-
ues of 0.426, 0.430, 0.434, 0.438, 0.442, 0.446). These values
clearly give distinct solutions for the value of a/M. Note that
if we were only considering hotspots that complete full orbits
outside of the ISCO (R> RMS), then only the first three values
of g
−
would be acceptable solutions for the given g+ value. In
practice, the net effect of all the measurement uncertainties
discussed in §2.2 must produce finite widths in the g
−
and g+
curves that are small enough to achieve the desired constraints
on a/M. The ∆g
−
intervals shown in the examples in Fig. 7
serve as a guide to what might be required (i.e. net uncertain-
ties in g
−
and g+ better than ∼ 1%). Figs. 7b-d show further
examples of a/M versus Rd contour plots. In Fig. 7b, we show
results for values of g+ = 0.892 and g− = 0.519 to 0.534 with
∆g
−
= 0.005 for θobs = 30◦. A plot for g+ = 0.983, overlaid
with g
−
= 0.649, 0.651, and 0.653 for θobs = 30◦ is shown in
Fig. 7c. This is an example of a hotspot orbiting in the regime
where the RMS boundary cannot constrain the spin. As θobs
increases, g
−
and g+ are affected by larger Doppler shifts. In
Fig. 7d we show the plot corresponding to the same g+ value
as in Fig. 7c (g+ = 0.983), but this time for a different incli-
nation angle, θobs = 60◦. The solid curves correspond to g−
= 0.190 to 0.280, with ∆g
−
= 0.015.
We point out that the g
−
and g+ functions are more sensi-
tive to the spin when the hotspot is closer to the black hole.
We see in Figs. 7a-c that, as the orbiting radius increases, the
intersection of the g
−
and g+ contours becomes increasingly
difficult to discern, making it more difficult to constrain a/M
once measurement errors have been taken into account. How-
ever, the plots in Fig. 7 also show that the technique described
here has the potential to constrain the black-hole spin using
Fe K line profiles from orbiting hotspots, under favorable cir-
cumstances.
4. CONCLUSIONS
We have described a technique to measure black-hole spin
based on hotspots of enhanced Fe K line emission co-rotating
in an accretion disk and studied the feasibility of the method.
An advantage of the hotspot method is that it does not require
knowledge of the Fe K line radial emissivity function over
the disk. The method does not rely on measurement of line
intensities, only peak energies (g
−
and g+) of narrow spectral
features. However, achieving sufficiently small measurement
uncertainties will be challenging and we have attempted to
quantify the principal sources of uncertainty.
One caveat is that we assume that an independent mea-
surement of the disk inclination angle, θobs, has been made
from spectral fitting of the persistent, time-averaged, radially-
integrated Fe K emission. However, the measurement of θobs,
which is most sensitive to the blue cut-off of the line emission,
is much less dependent on the other parameters of the model
than spin, although the derived θobs is subject to some un-
certainty due to the unknown ionization state of Fe. Another
caveat is that departure from the assumptions of a standard,
geometrically-thin, optically-thick, Keplerian disk may intro-
duce additional uncertainties in the determination of black-
hole spin.
The technique described here could, in theory, be applied
to real data obtained with future high-spectral-resolution and
6dc
ba
FIG. 7.— Curves of a/M versus Rd for various values of g− (solid) and g+ ((a) 0.802, (b) 0.0892, and (c,d) 0.983; dotted), for θobs = 30◦ in panels a–c, and 60◦
in panel d (see §3 for values of g
−
and further details). Different pairs of (g
−
,g+) yield different solutions for the spin of the black hole and the distance to the
orbiting hotspot. The overlaid, dashed line represents the RMS boundary. Possible solutions occur at the intersection of the g− and g+ curves. Solutions above the
RMS boundary curve correspond to hotspot orbits that lie outside the ISCO (R > RMS). In (c), all intersections are solutions that lie outside the ISCO.
high-throughput X-ray instrumentation. In the present work
we focused on the possibility of constraining spin from one
Fe K emission line, most likely Fe Kα, due to a hotspot.
We note that it may be possible to detect both Fe Kα and
Fe Kβ emission, in which case we would have four separate
contours to constrain a/M and Rd and we would furthermore
be able to constrain the ionization state in the vicinity of the
hotspot to lower than Fe XVII, as Fe Kβ cannot be produced
for higher ionization states. Since the Fe Kα line energy for
Fe XVII is 6.43 keV (e.g. Mendoza et al. 2004), the mea-
surement uncertainties in g
−
and g+ could be as low as 0.5%.
An additional possibility in the longer-term future is to mea-
sure the orbital radius using micro-arcsecond X-ray imaging
instruments. This would facilitate remarkable constraints on
black-hole spin from hotspots.
It is also important to consider that these results assume
observations of a complete orbit of a hotspot and, if it is un-
known whether a full or partial orbit has been observed, there
will be some ambiguity in the observed double-horned Fe K
lines from hotspot observations. For this reason, this type of
analysis would be best done with time-resolved spectroscopy,
since the extreme redshift and blueshift could be more easily
verified. Time-resolved spectroscopy of hotspots, under fa-
vorable conditions, may be possible with micro-calorimeters
onboard planned missions. These instruments promise a spec-
tral resolution of a few eV in the Fe K band combined with
large effective area. Such X-ray spectroscopic instruments
will not only be able to resolve these double-horned profiles,
but will also yield time-resolved data that will allow us to
break down the profile into multiple segments as the hotspot
orbits the black hole. Therefore, with instrumentation on fu-
ture missions, it may in principle be possible to “watch" an
orbit with Fe K line profiles that incrementally redshift (and
blueshift), tracing out the full, time-averaged, double-peaked
profile. It would then be possible to constrain the orbital time
of the hotspot. Given that torbit depends on M, a/M, and dis-
tance from the black hole to the hotspot, its measurement,
in addition to the constraints on Rd obtained by the inde-
pendent measurement of g
−
and g+ (as described here) may
offer stronger constraints on the spin. This technique, how-
ever, could require more precise black-hole mass measure-
ments than those that are currently available. We defer an in-
depth investigation of the feasibility of measuring spin with
time-resolved X-ray spectroscopy to future work.
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